While our understanding of the composition and structure of articular cartilage has increased substantially in the last two decades, a precise description of articular surface contours has been lacking. Indeed there is not even universal agreement regarding the degree of surface roughness.
An early study of adult rabbit and dog articular cartilages by Elliott (1936) described cells frequently lying exposed on the articular surfaces and partially worn flush with the surfaces, which seemed to indicate a process of erosion. Further studies by Cameron and Robinson (1958) with newborn infant cartilage indicated that these articular surfaces also contained irregularities and protruding cells, as did the articular surfaces of mice of various ages studied by Silberberg, Silberberg, Vogel, and Wettstein (1961) .
On the other hand, Davies, Barnett, Cochrane and Palfrey (1962) , and Barnett, Cochrane, and Palfrey (1963) described rabbit articular surfaces as very smooth. Surface irregularities were less than 0* 2um. in young adult specimens, increasing to 0 3,um. in older specimens with occasional crests 0 8,m. high and fissures 1 * 3,gm. deep. The superficial cells described in these studies were always covered by a layer of matrix with no evidence of surface depressions large enough to have contained cells. Meachim, Ghadially, and Collins (1965) described the more irregular contours in fibrillated articular surfaces of adult human cartilage. These areas contained small pits which appeared to have been formed by the rupture or erosion of enlarged superficial lacunae.
Adult human articular surfaces described by Weiss, Rosenberg, and Helfet (1968) contained asperities of similar magnitude to those described by Davies and others (1962) and Barnett and others (1963) in rabbit articular surfaces. There was no evidence of surface erosion taking place on these surfaces. Two types of human articular surface contours were described by McCall (1968) in a scanning electron microscope study. Immature specimens contained cell nests covered by a fine fibrillar network, whereas mature specimens had surfaces apparently composed of arrays of parallel ridges.
Walker, Dowson, Longfield, and Wright (1968) measured human articular surface contours indirectly by means of acrylic replicas. These indicated that articular surfaces were rougher than former microstudies would indicate, with humps ranging from 075 to 5,um. in height, occurring at intervals which varied from 25 to 250jzm. A subsequent scanning electron microscope study (Walker, Sikorski, Dowson, Longfield, Wright and Buckley 1969) described surface ridges on human articular surfaces similar to those demonstrated by McCall (1968) . Meachim and Roy (1969) , in a further study of adult human articular surfaces, described intact articular surfaces as smooth or gently undulating. In disrupted surface areas there appeared to be erosion of the cartilage accompanied by extensive loss of cartilage matrix resulting in irregular surface contours. However, they could find no evidence of cell shedding, although cells were occasionally exposed in the surface clefts. Gardner and Woodward (1969) used light, transmission, and scanning electron microscopy to demonstrate that guinea-pig articular surfaces contained 400,pm. diameter hollows with small 20 to 40,um. diameter hollows superimposed upon them. Some surface areas contained ridges similar to those described by McCall (1968) and Walker and others (1969) .
A more recent scanning electron microscope study (Clarke, 1970) demonstrated that adult human articular surfaces contained 20 to 30,um. diameter hollows which were similar to these described by Gardner and Woodward (1969) in guinea-pig articular surfaces. The 20 to 30,um. surface depressions were shown to correspond in shape and magnitude to the underlying superficial lacunae and it was suggested that ridges on the articular surfaces of human specimens were artefacts produced during preparation.
In order to determine whether the regular surface depressions previously reported (Clarke, 1970) were themselves dehydration artefacts, a study of intact undehydrated specimens was made using direct and indirect methods.
The articular suifaces of these specimens were studied by reflected light and replicas taken from the surfaces were studied by scanning electron microscopy.
To investigate the suggested relationship between the surface depressions and underlying lacunae (Clarke, 1970) , the replica and reflected-light studies were co-ordinated with transmitted-light and scanning electron microscope studies. From these, the number of lacunae and surface depressions per unit area visible on sectioned and articular surfaces respectively were estimated and compared.
Material and methods Human femoral heads obtained post mortem were generally fixed in 10 per cent. buffered formol saline solution for periods of 1 to 4 weeks unless required for reflectedlight or surface replication studies, in which case they were immersed in Ringer's solution after the autopsy and studied within a few hours.
The results were generally based on specimens varying from 32 to 67 years of age and the numerical results were taken from six femoral specimens ranging from 43 to 76 years of age. The areas examined on the superior aspects of these specimens were limited to those which were either smooth or had a limited amount of superficial fibrillation, classed as grades 0 to I by Collins (1949) . Grossly fibrillated areas were ignored for the purposes of this study.
REFLECTED-LIGHT STUDIES
Intact unfixed femoral heads were examined immediately on removal from Ringer's solution so that effects of surface-drying could be studied.
The formalin-fixed material was first sawn into blocks measuring 2 x 1 x 1 cm. and then frozen to -150°C. in a vacuum flask containing Arcton 12 refrigerant. These were then mounted in a Leitz sledge microtome set to cut at 10 ,um. and a tangential slice was removed from selected areas on the articular surface.
These specimens were studied in a standard Vickers reflected-light microscope and a Vickers '55' reflectedlight microscope.
TRANSMITTED-LIGHT STUDIES
The tangential slices removed from the above specimens were stained in celestin blue for 10 min. and then in Mayer's haematoxylin for 10min., washingaftereach stain.
They were then blued in Scott's tap-water substitute and rewashed, further stained with Van Geison reagents for 5 min., dehydrated, cleared, and mounted.
The nuclei appeared blue-black, the collagen red, and the background yellow. The sections were studied in Leitz Ortholux and Nikon Wild microscopes.
SCANNING ELECTRON MICROSCOPE STUDIES
The specimens initially studied by reflected light were dehydrated in ascending strengths of acetone after fixation in 10 per cent. buffered formol saline solution.
They were then cut or fractured as required and mounted on stubs using Evostik. The stubs were left overnight in a desiccator containing phosphorous pentoxide and again overnight under a vacuum of 10-4 mm. Hg to ensure complete dehydration. The dried specimens were coated with gold palladium (60/40) wire, 15 x 0 4 mm., extra coats sometimes being required for very large specimens.
The specimens were examined in a Stereoscan IIA scanning electron microscope at a gun voltage of 10 kV to minimize the risk of beam damage.
SURFACE REPLICA STUDIES
Two casting media were used: 'Acrulite' (an Acrylic resin) and Araldite (resin AV100 hardener HV100). The 8 mm. diameter casts were made both on visibly moist surfaces and on those which had been wiped dry or allowed to air-dry.
The specimens were generally kept almost completely immersed in Ringer's solution to minimize further dehydration while the replica material set, which was approximately 10 min. for the Acrulite and 24 hrs for the Araldite.
The Araldite replicas generally had to be torn off the articular surfaces and then required maceration in caustic solution to remove attached cartilage matrix.
To determine the replication qualities and natural surface characteristics of the casting media, control samples were cast on polished glass slides and also on microscope specimen stubs to provide a natural surface. The slides had been rinsed in acetone and polished with a lens tissue and appeared featureless at magnifications up tp 20,000. The replicas were then mounted and coated as detailed in the scanning electron microscope section.
Lacuna and Depression Counts
The lacunae and surface depressions were photographed and counted, allowance being made of the angle of specimen tilt in the case of the scanning electron micrographs. In addition, the histological sections were studied in a 'Leitz Ortholux' projection microscope for further frequency calculations.
The maximum and minimum diameters, as measured along the major axes of the elliptical shaped contours, were calculated from each area studied.
For the purposes of this study, the 20 to 50 zm. diameter lacunae were counted rather than the nuclei lying inside, as this was not intended to be a nuclear count but rather a comparison between surface depressions and underlying lacunar frequencies. The lacuna counts per unit area in the histological sections can be only an approximation because each section has a finite thickness and this thickness will also vary from section to section. Similarly, lacuna counts per unit volume are again only approximate because of the varying thicknesses of each section. However, the calculations were made, assuming a mean section thickness, in order to have a comparison with published data on nuclear counts from radial sections. Results
REFLECTED-LIGHT STUDIES
The surfaces of the moist femoral heads that had been immersed in Ringer's solution revealed a variety of contours which appeared to be due to a film of fluid adhering to the articular surfaces.
When first examined, the surfaces were featureless because of this film, but as the film began to disperse the pools and tendrils of fluid created Many types of 'contours' (Fig. 1 ). Once this film had either dispersed completely or been wiped off with a tissue, the underlying articular surface contours became visible (Fig. 2) .
The surface appearance varied considerably from area to area and from specimen to specimen. This may have been due to varying degrees of surface fibrillation but the available resolution did not enable this to be confirmed satisfactorily by this technique. Oval-shaped contours were visible on these surfaces and tended to occur in pairs, which gave them a 'figure of eight' appearance (Fig. 2) .
Specimens stored in formol saline and also those stored at -290C. (Fig. 3) contained contours similar to those described in the above 'fresh' material.
An average frequency of 244/mm.2 was obtained for these contours (Table I , overleaf) and the ovals averaged 18 to 39ytm. in diameter.
Formalin-fixed specimens which had tangential slices removed from selected areas exhibited similar contours on both cut and intact articular surfaces (Fig. 4) . The contours on the sectioned surfaces averaged 25 to 47,um. in diameter and had an average frequency of 284/mm.2 (Table I) . These contours on the sectioned surfaces were generally better defined than those on the articular surfaces, which may account for the higher average.
TRANSMITTED-LIGHT STUDIES
A few of the tangential sections studied contained no cellular structures at all. These presumably had been cut from the acellular surface zone.
However, the sections generally contained numerous lacunar structures which exhibited from one to six nuclei, depending on the section. to the thinnest and most superficial part of the tangential slices were frequently empty (Fig. 5 ), but this could be due to a loss of cellular material on sectioning.
In the central areas of these sections, both empty lacunae and lacunae filled with nuclei were evident (Fig. 6 ). There was considerable variation in the shape of the lacunae but the compact and elongated 'figures of eight' described by Clarke (1970) The control replicas from the glass surfaces were satisfactorily smooth for both materials at magnifications up to x 5,000. The natural surfaces of the Araldite control specimens were also satisfactorily smooth at magnifications up to x 1,000, whereas the Acrulite natural surfaces exhibited arrays of rounded protuberances at x 25 magnifications and above.
From articular surfaces the Araldite replicas contained arrays of 'humps' (Fig. 7) , apparently corresponding to the articular surface depressions although the 'figure of eight' contours were not at all well defined. There did not appear to be any significant difference between the replicas cast on moist surfaces and those cast on surfaces which had partially dried out. Some replicas, however, con- (Table I) . This was comparable with the lacunar and depression frequencies obtained by light microscopy.
The Acrulite replicas from articular surfaces contained numerous rounded protuberances similar to those visible on the free surfaces of the Acrulite control specimens. Two distinct size ranges were evident; the layer 30 to 60,um, diameter protuberances (Fig. 8) were conspicuous at the periphery of the replicas but were also intermingled with 6 to 20pm. diameter protuberances (Fig. 9) in the central regions.
Taken together, the two size ranges of protuberances averaged 11 to 40,tm. in diameter with an average frequency of 1,385/mm.2. These did not conform to the range of values obtained by the light microscopy studies and the Araldite replica study (Table I ) and were omitted from the remainder of the calculations.
SCANNING ELECTRON MICROSCOPE STUDIES
The surface contours described by reflected-light studies were clearly defined by the electron microscope. The sectioned areas appeared afibrous, which was perhaps due to the smearing of fibres and extrafibrillar matrix by the microtome blade (Fig. 10) . Evidence of knife chatter was visible as small irregular ridges on the cut surfaces. The 'figure of eight' shaped lacunae were again evident with many lacunae apparently filled by cellular material. Small protuberances from one to five in number were evident in some lacunae. There was a striking similarity between these and the lacunar nuclei visible by transmitted light (Figs 5 and 6). The lacunae averaged 17 to 30,um. in diam- eter with an average frequency of 560/mm.2 (Table I ).
The corresponding articular surfaces contained similar shaped depressions (Fig. 11 ), which were generally featureless but varied a great deal in depth from specimen to specimen.
Some areas contained quite shallow depressions with protuberances (Figs 11 and 12 ) which appeared to correspond to those seen on the sectioned lacunae ( Fig. 10 ) and the nuclei in the histological sections (Figs 5 and 6). The surface layer which overlaid these cellular structures had a random network appearance composed of strands 50 to 100 pum. in thickness (Fig. 13 ).
This network was found, with little variation, on the intact surfaces of specimens ranging from 32 to 74 years of age.
In some areas this layer had apparently ruptured over the sites of the underlying cellular structures (Evans and Clarke, 1970) , but this was very rare. In fibrillated areas the surface network became disorganized, breaking into layers with many fine tufts of matrix extending from the surface (Fig. 14) . Areas fibrillated to a greater extent exhibited larger tufts of matrix in a more disorganized network, (Fig. 15) . The depressions were less evident in mildly fibrillated areas and not evident at all in the badly fibrillated surfaces (Figs 14 and 15) .
The depressions on the intact articular surfaces averaged 20 to 35,um. in diameter with an average frequency of 470/mm.2 (Table I) .
Reflected-light studies demonstrated that 20-40pm. surface depressions existed in intact undehydrated articular surfaces and were therefore not dehydration artefacts produced by preparation techniques.
However, dehydration artefacts were encountered. Most prepared articular surfaces appeared fairly smooth to the naked eye but some specimens exhibited large irregularities after dehydration. These had a netwoik-type of appearance and were easily recognized by the scale of such contours (Fig. 16 ).
Discussion
The lacuna and depression counts varied from 190 to 890/mm.2 (Table I) depending on the method used, with the exception of the Acrulite replicas which varied from 1,040 to 2,530/mm. 2. Similar contours were found on the surfaces of Acrulite specimens which had not been in contact with articular surfaces, and since these could not therefore be representative of articular surfaces the Acrulite data was excluded from the results.
An average frequency of 430/mm.2 was obtained from the remaining studies with a corresponding diameter range of 20 to 38pm.
In the reflected-light studies, comparable results were obtained for the lacunar and depression frequencies in the sectioned and articular surfaces respectively. However the average frequencies from this study were lower than those from either the transmitted light or scanning electron microscope studies. This may be due to the comparatively poor resolution generally obtainable with this method and the relatively poor definition of lacunae and depressions on the moist surfaces.
Transmitted-light studies of lacunar frequency gave an average figure of 450/mm.2 This figure may be on the high side because the lacunae were counted in sections which extended from the surface to a depth of approximately 10plm., whereas the data from the other studies was calculated from the surfaces only.
The estimated lacunar frequency per mm.3 fell within the range of available nuclear frequency data from the superficial zone (Table 11) (Meachim, 1970) may have had a cancelling effect and made the lacunar and nuclear frequency data comparable. A further factor which has to be considered is the depth of section measured from the articular surface because the cellular density apparently increases as the articular surface is approached (Stockwell, 1970) ( Table II) .
The scanning electron microscope frequency data was again comparable for both lacunae and depressions on the sectioned and articular surfaces respectively, although the average frequencies were higher than similar data obtained by reflected-light studies (Table I) . They did, however, compare with the transmitted-light data, although as previously indicated this figure may be on the high side.
The Araldite replica study produced an average frequency of 341/mm.2 which lay between the reflected-light and electron microscope findings of surface depression frequency. The magnitude of the humps on the Araldite replicas also compared favourably with the surface depression magnitudes ( Table I ) and suggested that the Araldite replicas had followed the contours of the undehydrated surfaces although they had not reproduced the 'figure of eight' configurations with any great accuracy.
In the above studies, the depressions and lacunae exhibited similar variations in shape and magnitude (Table I ). The average diameter range for these figures varied from 20 to 38,tm. This correlation in shape, magnitude, and frequency between the surface depressions and the underlying lacunae suggested that the former owed their existence to the presence of the latter.
This relationship has been supported indirectly by other investigators (Meachim, 1970; Stockwell, 1970) .
Earlier light and transmission electron microscope studies of radial sections of cartilage (Davies and others, 1962; Weiss and others, 1968; Meachim and Poy, 1969; Palfrey, 1970) , have indicated that articular surfaces are remarkably smooth with little evidence of the depressions demonstrated by the scanning electron microscope (Gardner and Woodward, 1969; Clarke, 1970) .
It would therefore seem likely, on the basis of the above microstudies, that the depressions demonstrated by the scanning electron microscope were artefacts, perhaps produced by dehydration of the tissue and subsequent surface distortion. However, the appearance of similar depressions in reflectedlight studies of intact undehydrated articular surfaces clearly demonstrates that they are not.
The depressions were apparently formed by a surface layer which closely followed the contours of the underlying lacunar structures. This layer had the appearance of a random network and could correspond to the membrane structure described by Meachim and Roy (1969) or more likely the dense network of randomly oriented fibres described by Weiss and others (1968) at the articular surface. This layer was typical of all intact surface areas examined regardless of age. However, in fibrillated areas, it became disrupted and irregular, forming the long narrow strands and shorter tufts described by Meachim and others (1965) .
As was noted previously (Davies and others, 1962; Weiss and others, 1968; Meachim and Roy, 1969) , there was no evidence of cell shedding from the intact surfaces in this study although areas have been found where this may have occurred (Evans and Clarke, 1970) . The cellular structures were always covered by the surface layer described above and although this became disrupted in the Grade 1 fibrillated areas studied the degree of disruption in the areas studied was evidently not sufficient to expose the superficial lacunae.
Some intact surface areas contained depressions with small round protuberances which corresponded to those seen on sectioned lacunae and the nuclei visible in the sections studied by transmitted light. On this basis it is suggested that the superficial lacunae may contain cellular material or extrafibrillar material in vivo which may support the surface layer, even perhaps swelling into the joint cavity. Ekholm and Norback (1951) 
